Background {#Sec1}
==========

Soil acidity is a major factor limiting crop and productivity in many parts of the world, with up to 30% of the world's ice-free land and 12% of crops affected by soil acidity \[[@CR1]\]. What's worse, soil pH is rapidly decreasing due to acid rain, soil leaching, intensive agriculture and monoculture, poor nutrient cycling, and the acidifying effects of nitrogen (N) fertilizer \[[@CR2]--[@CR5]\].

Usually, multiple stress factors including toxicities of H^+^, aluminum (Al) and manganese (Mn), lack of nutrients, namely N, phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca) and molybdenum (Mo), decreased uptake of water, and toxic level of phenolic acids are considered to be responsible for poor growth and yield loss of crops on acidic soils \[[@CR1], [@CR6]--[@CR8]\]. Recently, many researchers have paid attention to Al-toxicity and -tolerance, but few data are available on low pH (H^+^) damage and adaptation in plants \[[@CR9]--[@CR11]\]. Evidence shows that the adaptation of plants to H^+^ and Al are regulated by separate mechanisms \[[@CR7], [@CR8], [@CR12]\]. Obviously, additional research on low pH adaptation is needed in order to a better understanding of plant adaptation to acid soils \[[@CR13]\].

In addition to inhibiting directly or indirectly plant growth and development, low pH (high H^+^) has negative influences on cellular structure and functions, and physiological and biochemical processes, including the uptake of water and nutrients \[[@CR8], [@CR14]\], leaf gas exchange \[[@CR8], [@CR10], [@CR15]\], chlorophyll (Chl) biosynthesis, Chl a fluorescence \[[@CR8], [@CR11], [@CR15], [@CR16]\], reactive oxygen species (ROS) production and detoxification \[[@CR4], [@CR16]--[@CR18]\], membrane integrity \[[@CR19]\], and cell wall structure and functions \[[@CR20], [@CR21]\]. Because low pH can inhibit photosynthesis and growth in some higher plants \[[@CR8], [@CR10], [@CR15]\], carbohydrates should be altered by low pH. To our best knowledge, such data are very rare.

Although some workers have investigated the physiological and biochemical responses of higher plants to low pH \[[@CR8], [@CR22], [@CR23]\], rare data are available on the molecular responses until recently \[[@CR24]\]. In a study, Lager et al. investigated the effects of pH on gene expression in roots of *Arabidopsis thaliana* shifted from a nutrition solution of pH 6 to one of pH 4.5 for 1 h and 8 h, and obtained a total of 277 'early-responsive genes', namely '1 h responsive genes' and a total of 748 'late-responsive genes', namely '8 h responsive genes'. The major alterations of gene expression in response to low pH were associated with Ca^2+^ signaling and cell wall modifications \[[@CR24]\]. Howbeit these transcriptome data are very useful, great difference exists between protein level and mRNA level because the abundance of a protein is determined not only by the transcriptional rate of the gene, but also by the transcript stability, nuclear export and location, translational regulation and protein degradation \[[@CR25], [@CR26]\]. Because proteins are the ultimate controllers for biological processes, it is imperative to conduct a proteomic analysis in order to fully understand the molecular responses of higher plants to low pH. To our knowledge, data on low pH-responsive proteins in higher plants are very scanty.

*Citrus* can be cultivated in soils covering a wide range of pH and are tolerant to acidic soils \[[@CR27]\]. Recently, we used sand culture to investigate the effects of pH 2.5, 3, 4, 5 and 6 on growth, nutrients, relative water content (RWC), specific leaf weight, total soluble proteins, H~2~O~2~ production, electrolyte leakage, photosynthesis and related physiological parameters in *C. grandis* and *C. sinensis* seedlings. pH 2.5 greatly inhibited seedling growth; pH 3 slightly inhibited growth; and pH 4 had almost no influence on growth. In addition, most of these parameters \[i.e., leaf CO~2~ assimilation, Chl levels, ribulose bisphosphate carboxylase/oxygenase (Rubisco) activity, overwhelming majority of Chl a fluorescence parameters and specific leaf weight; root and leaf RWC and electrolyte leakage; and root, stem and leaf N and K concentrations\] were altered only at pH 2.5, with slightly greater changes in the *C. grandis* seedlings than those in the *C. sinensis* seedlings. Evidently, *C. grandis* and *C. sinensis* were tolerant to low pH, and the latter was slightly more tolerant to low pH \[[@CR8]\]. Most of soils used for *Citrus* production in China are acidic and strong acidic. Moreover, *Citrus* orchard soil pH is rapidly decreasing in the last decade \[[@CR28]\].

In this study, we first used a 2-dimensional electrophoresis (2-DE)-based mass spectrometry (MS) approach to investigate low pH-responsive proteins in *C. sinensis* and *C. grandis* leaves. Also, we examined low pH-effects on leaf gas exchange, carbohydrates, ascorbate (ASC), dehydroascorbate (DHA) and malondialdehyde (MDA). The objectives were (*a*) to understand the adaptive mechanisms of *Citrus* to low pH and (*b*) to identify the possible candidate proteins for tolerance to low pH in *Citrus*.

Methods {#Sec2}
=======

*Citrus* seedling culture and pH treatments {#Sec3}
-------------------------------------------

Seedling culture and pH treatments were carried out according to Long et al. \[[@CR8]\]. Briefly, four week-old uniform seedlings of 'Xuegan' (*C. sinensis*) and 'Sour pummelo' (*C. grandis*) with single stem were chosen and transplanted to 6 L pots (two seedlings per pot) filled with \~ 0.6 cm in diameter clean river sand washed thoroughly with tap water, then grown in a glasshouse under natural photoperiod at Fujian Agriculture and Forestry University (FAFU), Fuzhou (26°5' N, 119°14′), China, until the end of the experiment. Seven weeks after transplanting, each pot was supplied daily with nutrient solution containing 2.5 mM KNO~3~, 2.5 mM Ca(NO~3~)~2~, 1 mM MgSO~4~, 0.5 mM KH~2~PO~4~, 20 μM Fe-EDTA, 10 μM H~3~BO~3~, 2 μM ZnSO~4~, 2 μM MnCl~2~, 0.5 μM CuSO~4~ and 0.065 μM (NH~4~)~6~Mo~7~O~24~ until dripping (\~ 500 mL) at a pH of 6 (control), 3 or 2.5 (adjusted by 1 M H~2~SO~4~) for nine months, which were selected based on our preliminary experiment and previous study \[[@CR8]\] and were suitable for physiological and proteomic analysis. In this study, we focused mainly on the long-term changes that allow homeostatic adjustment to low pH and on the long-term consequences of low pH because there is an opportunity to extend *Citrus* cultivation to acidic soils. No any precipitates were formed in the nutrient solution. In addition, we measured the concentrations of macroelements (N, P, K, Ca, Mg and S) in the nutrient solution. Analytic results showed that pH did not affect their solubility. Thereafter, recent fully expanded (\~ 7-week-old) leaves were used for all measurements. After leaf gas exchange being determined, leaves (midribs, petioles and winged leaves removed) and leaf discs (0.6 cm in diameter) from the same seedlings were harvested at sunny noon and frozen in liquid N~2~, then stored at − 80 °C until they were used for the extract of proteins.

Leaf nonstructural carbohydrate, ASC, DHA and malondialdehyde {#Sec4}
-------------------------------------------------------------

Leaf fructose, glucose, sucrose and starch were assayed using enzymatic methods as previously described by Han et al. \[[@CR29]\]. Leaf ASC and DHA were measured using enzymatic methods after being extracted with 6% (*v*/v) of HClO~4~ \[[@CR30]\]. Leaf malondialdehyde (MDA) was measured as thiobarbituric acid-reactive substances after being extracted with 80% (v/v) of ethanol \[[@CR31]\].

Leaf gas exchange {#Sec5}
-----------------

Leaf gas exchange was determined with a CIARS-2 portable photosynthesis system (PP systems, Herts, UK) at a controlled CO~2~ concentration of \~ 380 μmol mol^− 1^, a controlled light intensity of \~ 1000 μmol m^− 2^ s^− 1^, a relative humidity of 64.0 ± 0.6% and a leaf temperature of 30.8 ± 0.2 °C, between 9 and 11 a.m. on a sunny day.

Leaf protein extraction, 2-DE and image analysis {#Sec6}
------------------------------------------------

In order to reduce errors and get reliable and reproducible results, \~ 1 g frozen leaves from four seedlings (one seedling per pot, equal amount of sample per seedling) were mixed as one biological replicate. There were three replicates per treatment (a total of 12 seedlings from 12 pots). Proteins were independently extracted thrice from pH 2.5-, 3- and 6-treated samples using a phenol extraction procedure as described previously \[[@CR32]\] and their concentrations were determined according to Bradford \[[@CR33]\]. Both 2-DE and image analysis were performed as described by Sang et al. \[[@CR34], [@CR35]\] and Yang et al. \[[@CR36]\]. Background subtraction, Gaussian fitting, gel alignment, spot detection, matching and normalization were made with PDQuest version 8.0.1 (Bio-Rad, Hercules, CA, USA). A protein spot was considered differentially abundant when it had both a *P*-value \< 0.05 by ANOVA and a fold change \> 1.5. All these differentially abundant protein (DAP) spots were visually checked and excised for identification by MALDI-TOF/TOF-MS.

Protein identification by MALDI-TOF/TOF-MS and bioinformatic analysis {#Sec7}
---------------------------------------------------------------------

MALDI-TOF/TOF-MS-based protein identification was conducted on an AB SCIEX 5800 TOF/TOF plus MS (AB SCIEX, Shanghai, China) as described previously \[[@CR26], [@CR34]\]. All acquired spectra of samples were processed using TOF/TOF Explorer™ Software (AB SCIEX, Shanghai, China) in a default mode. The data were searched by GPS Explorer (Version 3.6) with the search engine MASCOT (Version 2.3, Matrix Science Inc., Boston, MA) against the *C. sinensis* databases (<http://citrus.hzau.edu.cn/orange/index.php>). The search parameters were as follows: trypsin cleavage with one missed, MS tolerance of 100 ppm, and MS/MS tolerance of 0.6 Da. At least two peptides were required to match for each protein. Protein identifications were accepted if MASCOT score was not less than 70, and the number of matched peptides (NMP) was not less than five or the sequence coverage was not less than 20% \[[@CR35], [@CR37]\]. Functional categories of DAPs were assigned according to Kyoto Encyclopedia of Genes and Genomes (KEGG; <http://www.kegg.jp>/), Uniprot (<http://www.uniprot.org>/) and gene ontology (GO; <http://www.geneontology.org>/) databases \[[@CR38], [@CR39]\].

qRT-PCR analysis {#Sec8}
----------------

About 300 mg frozen leaves from four seedlings (one seedling per pot, equal amount of sample per seedling) were pooled as one biological replicate. qRT-PCR was made with three biological and two technical replicates for each treatment (a total of 12 seedlings from 12 pots) as described by Zhou et al. \[[@CR40]\]. Here, we randomly selected a total of 26 DAPs from the pH 2.5-treated *C. sinensis* (i.e., S1, S4, S5, S6, S7, S9, S10, S15, S23, S26, S27, S35 and S40) and *C. grandis* (i.e., G2, G5, G6, G13, G14, G15, G16, G19, G21, G36, G37, G40, and G41) leaves for qRT-PCR. Specific primers were designed from the corresponding sequences of these selected DAPs in *Citrus* genome (<http://citrus.hzau.edu.cn/orange/index.php>) using Primer Primier Version 5.0 (PREMIER Biosoft International, CA, USA). The sequences of the F and R primers used were listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1. For the normalization of gene expression and reliability of quantitative analysis, two *Citrus* genes: *actin* (Ciclev10025866m) and *U4/U6 small nuclear ribonucleoprotein PRP31* (*PRPF31*; Ciclev10031363m), were selected as internal standards and the leaves from the pH 6-treated seedlings were used as reference sample, which was set to 1.

Data analysis {#Sec9}
-------------

There were 20 pots (40 seedlings) per treatment in a completely randomized design. Experiments were performed with 3--8 replicates. Results represented the mean ± SE. Significant differences among the six treatment combinations were analyzed by two (species) × three (pH levels) ANOVA, and the six means were separated by the Turkey test at *P* \< 0.05.

Results {#Sec10}
=======

Physiological and biochemical responses to low pH {#Sec11}
-------------------------------------------------

Leaf CO~2~ assimilation and stomatal conductance were significantly lower at pH 2.5 than at pH 3 or pH 6. Intercellular CO~2~ concentration was similar among the six treatment combinations except that it was slightly higher in the 2.5-treated *C. grandis* leaves than that in the 3-treated *C. grandis* and *C. sinensis* leaves (Fig. [1](#Fig1){ref-type="fig"}). Based on the stomatal limited theory in photosynthesis \[[@CR41]\], the pH 2.5-induced inhibition of photosynthesis was not explained alone by stomatal limitation. CO~2~ assimilation, stomatal conductance and intercellular CO~2~ concentration were similar between *C. grandis* and *C. sinensis* leaves (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Leaf gas exchange in response to low pH***.*** **a** CO~2~ assimilation; **b** stomatal conductance; **c** intercellular CO~2~ concentration. Bars represent means ± SE (*n* = 5). Different letters above the bars indicate a significant difference at *P* \< 0.05

As shown in Fig. [2](#Fig2){ref-type="fig"}, the levels of glucose, fructose, sucrose, total soluble sugars (the summation of glucose, fructose and sucrose), starch, and total nonstructural carbohydrates (TNC, the summation of glucose, fructose, sucrose and starch) in the C. *grandis* and *C. sinensis* leaves were elevated at pH 2.5, but unaffected at pH 3. The only exception was that sucrose levels in the *C. sinensis* leaves did not change as pH decreased from 6 to 2.5. The concentrations of all these nonstructural carbohydrates were higher in the *C. grandis* leaves than those in the *C. sinensis* leaves or similar between the two at each given pH with the exceptions that glucose and fructose concentrations were higher in the *C. sinensis* leaves than those in the *C. grandis* leaves at pH 2.5.Fig. 2Leaf concentrations of nonstructural carbohydrates in response to low pH. **a** glucose; **b** fructose; **c** sucrose; **d** total soluble sugars (the summation of glucose, fructose and sucrose); **e** starch; **f** total nonstructural carbohydrates (TNC; the summation of glucose, fructose, sucrose and starch). Bars represent means ± SE (*n* = 8). Different letters above the bars indicate a significant difference at *P* \< 0.05

As shown in Fig. [3](#Fig3){ref-type="fig"}, only pH 2.5 decreased the levels of ASC + DHA and ASC, and the ratio of ASC/(ASC + DHA) in *C. grandis* and *C. sinensis* leaves, especially in the *C. grandis* leaves. The levels of ASC + DHA and ASC, and the ratio of ASC/(ASC + DHA) were higher in the *C. sinensis* leaves than those in the *C. grandis* leaves at pH 2.5, but similar between the two at pH 3 or pH 6. Interestingly, leaf DHA level did not significantly differ among the six treatment combinations.Fig. 3Leaf ASC + DHA, ASC and DHA concentrations, and ASC/(ASC + DHA) ratio in response to low pH*.* Bars represent means ± SE (*n* = 6--8). Different letters above the bars indicate a significant difference at *P* \< 0.05

MDA concentrations in *C. grandis* and *C. sinensis* leaves increased as pH decreased from 6 to 2.5. MDA concentrations were higher in the *C. grandis* leaves than that in the *C. sinensis* leaves at pH 2.5, but similar between the two at pH 6 or pH 3 (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Leaf MDA concentration in response to low pH*.* Bars represent means ± SE (*n* = 7--8). Different letters above the bars indicate a significant difference at *P* \< 0.05

Protein yield and low pH-responsive proteins in leaves {#Sec12}
------------------------------------------------------

To obtain reliable results, three biological replicates were conducted in this experiment (Fig. [5](#Fig5){ref-type="fig"} and Additional file [2](#MOESM2){ref-type="media"}: Figure S1). As shown in Table [1](#Tab1){ref-type="table"}, protein yields and the number of protein spots per gel did not significantly differ among the six treatment combinations (Table [1](#Tab1){ref-type="table"}, Fig. [5](#Fig5){ref-type="fig"} and Additional file [2](#MOESM2){ref-type="media"}: Figure S1).Fig. 5Representative 2-DE images of proteins extracted from *C. grandis* (**a**-**c**) and *C. sinensis* (**d**-**f**) leavesTable 1Protein yield, number of variable spots and number of identified DAP spots in *C. sinensis* and *C. grandis* leaves*C. sinensisC. grandis*pH 2.5pH 3pH 6pH 2.5pH 3pH 6Protein yield (mg g^−1^ FW)16.4 ± 0.24a15.57 ± 0.09a15.97 ± 0.35a14.35 ± 0.19a14.04 ± 0.66a14.63 ± 0.10aNumber of spots per gel714 ± 12a717 ± 4a733 ± 14a727 ± 13a737 ± 9a755 ± 11aOnly present at pH 2.5Only present at pH 3Present at both pH 2.5 and 3TotalOnly present at pH 2.5Only present at pH 3Present at both pH 2.5 and 3TotalNumber of DAP spots Increased in abundance1501165038 Decreased in abundance2916361412338 Increased in abundance at pH 2.5 and decreased in abundance at pH 32211 Decreased in abundance at pH 2.5 and increased in abundance at pH 31111 Total44110551912848Number of identified DAP spots Increased in abundance1301145038 Decreased in abundance2606321212134 Increased in abundance at pH 2.5 and decreased in abundance at pH 32211 Decreased in abundance at pH 2.5 and increased in abundance at pH 31111 Total39010491712644Data are means ± SE (*n* = 3). Different letters within a row indicate significant differences at *P* \< 0.05

A protein spot having an average fold change \> 1.5 and a *P*-value \< 0.05 was considered as differentially abundant. Based on the two criteria, we obtained 55 and 48 DAP spots from the pH 2.5 and/or pH 3-treated *C. sinensis* and *C. grandis* leaves, respectively. After submitting these DAP spots to MALDI-TOF/TOF-MS-based identification, we identified 49 and 44 DAP spots in the pH 2.5 and/or pH 3-treated *C. sinensis* and *C. grandis* leaves, responsively (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, Fig. [5](#Fig5){ref-type="fig"} and Additional file [3](#MOESM3){ref-type="media"}: Table S2, Additional file [4](#MOESM4){ref-type="media"}: Table S3, Additional file [5](#MOESM5){ref-type="media"}: Figure S2). For *C. sinensis*, 39 identified DAP spots only presented in pH 2.5-treated leaves, and 10 identified DAP spots with the same accession number were shared by the two. For *C. grandis*, 26 identified DAP spots were shared by pH 2.5- and pH 3-treated leaves. Only 17 or one identified DAP spots presented in pH 2.5- or pH 3-treated leaves, respectively. In short, we identified 16 protein spots increased in abundance and 33 protein spots decreased in abundance, and two protein spots increased in abundance and eight protein spots decreased in abundance from the pH 2.5- and pH 3-treated *C. sinensis* leaves, respectively, and nine protein spots increased in abundance and 34 protein spots decreased in abundance, and four protein spots increased in abundance and 23 protein spots decreased in abundance from the pH 2.5- and pH 3-treated *C. grandis* leaves, respectively (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6a](#Fig6){ref-type="fig"}-[d](#Fig6){ref-type="fig"}). The majority of these low pH-responsive proteins were identified only in the *C. sinensis* or *C. grandis* leaves, only six pH 2.5-responsive proteins (i.e., Cs7g31800, Cs3g01420, Cs1g25510, Cs8g19010, Cs3g11320 and orange1.1 t04488) and two pH 3-responsive proteins (i.e., Cs7g31800 and Cs1g25510) with the same accession number were simultaneously identified in the two species (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6e](#Fig6){ref-type="fig"}-[f](#Fig6){ref-type="fig"}). These low pH-responsive proteins were mainly associated with carbohydrate and energy metabolism, antioxidation and detoxification, stress response, protein and amino acid metabolisms, lipid metabolism, cellular transport, signal transduction and nucleic acid metabolism (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6a](#Fig6){ref-type="fig"}-[d](#Fig6){ref-type="fig"}).Table 2DAP spots and their identification by MALDI-TOF/TOF-MS in leaves from *C. sinensis* seedlings submitted to pH 2.5, pH 3 or pH 6 for 9 monthsSpot No.^a^Protein identityAccession No.Mr (kDa)/pI theor.Mr (kDa)/pI exp.Protein scorePeptide ionsNMP^b^Ratio^c^Covered^d^ sequence (%)ChargepH 2.5pH 3pH 6Antioxidation and detoxification S6L-ascorbate peroxidase 1, cytosolicCs8g17370.127.57/5.5544.86/5.805841 26242.16 ± 0.09a1.07 ± 0.12b1.00 ± 0.03b221 S4L-ascorbate peroxidase 3, peroxisomalCs3g19810.247.33/8.5953.31/5.73573144252.94 ± 0.80a1.11 ± 0.21b1.00 ± 0.15b231 S5Probable aldo-keto reductase 1Cs3g10670.138.42/5.5062.64/5.6829590152.41 ± 0.26a0.84 ± 0.05b1.00 ± 0.17b141 S8Isoflavone reductase-like proteinCs2g16220.134.25/6.4056.42/6.2315556172.03 ± 0.29a0.80 ± 0.16b1.00 ± 0.11b151 S1Peroxidase 15orange1.1 t02046.137.43/4.5271.41/4.461789090.37 ± 0.07b0.45 ± 0.06b1.00 ± 0.04a81 S9Glutathione S-transferase U19Cs5g15190.125.56/7.5642.77/6.6414871140.30 ± 0.05b0.83 ± 0.10a1.00 ± 0.09a131 S10Thioredoxin-2Cs7g13660.121.44/8.4421.81/4.871786270.47 ± 0.10b0.87 ± 0.11a1.00 ± 0.06a61Stress response S11Heat shock protein 90--1Cs5g03150.180.52/5.0390.75/5.1518696411.62 ± 0.19a0.53 ± 0.09c1.00 ± 0.02b371 S12Putative uncharacterized protein Sb02g035950Cs1g06050.127.76/5.5652.74/6.0026587111.29 ± 0.04a0.51 ± 0.14b1.00 ± 0.10a101 S13Abscisic stress ripening-like proteinCs3g21500.120.05/5.7545.68/6.0841192140.20 ± 0.05c1.59 ± 0.11a1.00 ± 0.06b131 S17Thiamine thiazole synthase 1, chloroplasticCs4g11090.137.60/5.4053.52/5.2230495151.64 ± 0.12a0.75 ± 0.02b1.00 ± 0.18b141 S39S-norcoclaurine synthase; Pathogenesis-related (PR)-10-related norcoclaurine synthase-like proteinCs6g03210.117.29/4.8928.52/5.1248590174.45 ± 0.27a2.23 ± 0.16b1.00 ± 0.13c151Carbohydrate and energy metabolism S14Chlorophyll a-b binding protein 215Cs1g06360.128.93/5.1341.21/4.90715662.22 ± 0.10a0.46 ± 0.03c1.00 ± 0.16b51 S20Chlorophyll a-b binding protein 4, chloroplasticCs3g06180.129.52/6.8440.18/5.4216788110.13 ± 0.02c0.71 ± 0.07b1.00 ± 0.11a101 S16Oxygen-evolving enhancer protein 1--1, chloroplasticCs1g23450.135.38/5.8349.12/5.09371110142.20 ± 0.59a0.82 ± 0.11b1.00 ± 0.02b131 S19Oxygen-evolving enhancer protein 1--1, chloroplasticCs1g23450.135.38/5.8348.88/5.44523135192.67 ± 0.76a0.99 ± 0.19b1.00 ± 0.03b171 **S18**^**e**^**Ribulose bisphosphate carboxylase/oxygenase activase 1, chloroplasticCs7g31800.450.90/5.3368.00/5.1253491230.30 ± 0.06b0.44 ± 0.06b1.00 ± 0.09a211** **S21Ribulose bisphosphate carboxylase/oxygenase activase 1, chloroplasticCs7g31800.346.96/5.9465.74/5.36511109200.21 ± 0.02b0.91 ± 0.02a1.00 ± 0.08a181** S22Rubisco subunit binding-protein β-2 subunit; Chaperonin 60 subunit β 1Cs9g03300.164.78/5.8581.19/5.36798107390.33 ± 0.04b1.10 ± 0.10a1.00 ± 0.13a351 S35**Ferredoxin-NADP reductase, leaf isozyme, chloroplasticCs1g25510.140.48/8.6855.49/6.4025880220.45 ± 0.04c0.65 ± 0.08b1.00 ± 0.02a201** S37**Ferredoxin-NADP reductase, leaf isozyme, chloroplasticCs1g25510.440.48/8.6855.29/6.7024082210.45 ± 0.03b0.91 ± 0.11a1.00 ± 0.13a191** S27Phosphoglycerate kinase 1, chloroplasticorange1.1 t03280.149.45/8.2067.19/5.9156795250.25 ± 0.10b0.87 ± 0.06a1.00 ± 0.11a231 S29Phosphoglycerate kinase 1, chloroplasticorange1.1 t03280.149.45/8.2080.46/5.9534692130.06 ± 0.02b0.95 ± 0.10a1.00 ± 0.14a121 **S232-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, chloroplasticCs3g01420.132.59/8.2947.43/5.72415121140.31 ± 0.04b0.80 ± 0.08a1.00 ± 0.15a131** S24Succinyl-CoA ligase \[ADP-forming\] subunit beta, mitochondrialCs5g29390.145.26/5.9863.82/5.6228678270.52 ± 0.13b1.10 ± 0.06a1.00 ± 0.06a251 S28Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex, mitochondrialCs1g17930.159.37/8.4377.39/5.8039094230.30 ± 0.06c0.77 ± 0.04b1.00 ± 0.05a211 S32Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex 1, mitochondrialCs2g21190.151.06/9.0772.17/6.03181135110.19 ± 0.04b0.86 ± 0.04a1.00 ± 0.07a101 S3NADH dehydrogenase \[ubiquinone\] iron-sulfur protein 8-A, mitochondrialCs8g06410.126.11/5.6842.59/5.1223848202.58 ± 0.27a1.10 ± 0.10b1.00 ± 0.09b181 S26ATP synthase gamma chain 1, chloroplasticCs2g03080.140.62/6.0859.62/5.82208103100.19 ± 0.04c0.44 ± 0.06b1.00 ± 0.06a91 S30Probable ATP synthase 24 kDa subunit, mitochondrialCs1g04030.127.52/8.9046.81/6.2436896220.22 ± 0.06b0.55 ± 0.11b1.00 ± 0.14a201 S36Probable ATP synthase 24 kDa subunit, mitochondrialCs1g04030.127.52/8.9045.64/6.86543102270.29 ± 0.07b0.68 ± 0.08ab1.00 ± 0.24a251 **S47DNA-damage-repair/toleration protein DRT102; ribose-5-phosphate isomerase BCs3g11320.133.52/5.2553.47/5.3939385190.44 ± 0.07b1.02 ± 0.10a1.00 ± 0.16a171**Protein and amino acid metabolism S40Peptidyl-prolyl cis-trans isomerase CYP37, chloroplasticCs1g06710.150.39/6.4260.41/5.11579139213.06 ± 0.91a1.36 ± 0.22ab1.00 ± 0.11b191 S43T-complex protein 1 subunit betaCs3g26890.257.19/5.5679.99/5.9122673220.30 ± 0.13b1.04 ± 0.05a1.00 ± 0.19a201 S41Proteasome subunit beta type-6-A like proteinCs7g07630.125.57/5.2140.62/5.7325486120.23 ± 0.01c0.68 ± 0.04b1.00 ± 0.10a111 S4426S proteasome non-ATPase regulatory subunit 11ACs4g04180.147.05/5.7970.34/6.1636797240.22 ± 0.028b0.83 ± 0.091a1.00 ± 0.06a221 S50**Unknown protein DS12 from 2D-PAGE of leaf, chloroplastic; ACT domain-containing protein, putative, expressedorange1.1 t04488.130.69/5.5951.57/4.75333105150.35 ± 0.07b0.89 ± 0.02a1.00 ± 0.04a141** S51Kynurenine formamidaseCs8g05140.130.62/5.3255.58/5.4827075130.44 ± 0.01b1.04 ± 0.03a1.00 ± 0.08a121Cell wall and cytoskeleton S45Tubulin alpha-1 chainCs9g03120.149.75/4.9973.13/5.4148785200.40 ± 0.05b0.93 ± 0.12a1.00 ± 0.13a181 S46Caffeic acid 3-O-methyltransferase 1orange1.1 t05216.129.98/5.7363.37/6.1919466110.53 ± 0.09b1.18 ± 0.04a1.00 ± 0.04a101Nucleic acid metabolism S48Hypoxanthine-guanine phosphoribosyltransferaseCs3g21990.120.48/5.5438.60/5.611439480.41 ± 0.03b1.07 ± 0.17a1.00 ± 0.08a71Lipid metabolism S2Plastid lipid-associated protein 2, chloroplastic; Chromoplast-specific carotenoid-associated protein, chromoplastCs2g02520.143.18/6.0850.48/4.6750392241.68 ± 0.09a0.79 ± 0.18b1.00 ± 0.02b221 S7Epoxide hydrolase 4Cs2g06360.136.94/5.9059.20/6.1935273212.51 ± 0.27a0.90 ± 0.10b1.00 ± 0.18b191 S31Cinnamoyl-CoA reductase 1Cs8g20610.135.48/5.5755.34/6.0622077140.31 ± 0.02b0.66 ± 0.21ab1.00 ± 0.12a131Cellular transport S15Ferritin-1, chloroplasticCs6g09150.228.97/5.4643.81/4.92886481.97 ± 0.34a0.69 ± 0.09b1.00 ± 0.11b71Signal transduction S3814--3-3-like protein GF14 kappa; General regulatory factor 8Cs1g20220.127.69/4.8745.64/4.90339106204.71 ± 0.32a1.20 ± 0.15b1.00 ± 0.06b181Others S52Putative uncharacterized protein Sb02g003450Cs5g09380.227.69/7.8445.27/5.5819360140.38 ± 0.11b1.00 ± 0.09a1.00 ± 0.12a131 **S42Putative uncharacterized protein Sb09g010000Cs8g19010.155.68/7.6679.38/5.66248102190.19 ± 0.06b0.73 ± 0.13a1.00 ± 0.22a171** S34Flavoprotein WrbACs4g11860.122.29/5.7540.45/6.51256136100.44 ± 0.05b0.67 ± 0.07ab1.00 ± 0.14a91 S49NAD(P)H-dependent 6′-deoxychalcone synthaseorange1.1 t00001.267.34/9.0657.67/6.61247100200.46 ± 0.07b0.67 ± 0.11b1.00 ± 0.07a181Unidentified protein spots S33Probable phosphoglucomutase, cytoplasmic 1orange1.1 t05474.116.20/5.3284.77/6.251009140.40 ± 0.05b0.77 ± 0.08ab1.00 ± 0.17a41 S25Glucose-6-phosphate 1-dehydrogenase 1, chloroplasticCs7g11110.166.95/7.6825.37/5.766523210.46 ± 0.04b1.34 ± 0.08a1.00 ± 0.23b191 S53Endo-1,3;1,4-beta-D-glucanaseCs9g05910.328.00/7.0743.84/5.0943/123.32 ± 0.29a1.02 ± 0.07b1.00 ± 0.09b111 S54E3 ubiquitin-protein ligase MARCH9Cs9g05100.732.53/8.5616.93/6.144/124.26 ± 0.19a0.45 ± 0.02b1.00 ± 0.18b111 S55Cytochrome b6-f complex iron-sulfur subunit, chloroplasticCs2g22650.322.32/8.7630.95/8.76523660.33 ± 0.04c0.75 ± 0.05b1.00 ± 0.09a51^a^Spot number corresponds to the 2-DE imagines in Fig. [5](#Fig5){ref-type="fig"}^b^NMP means the number of matched peptides^c^Ratio means the ratio of pH 2.5 and pH 3.0 to pH 6.0; Different letters within a row indicate significant differences at *P* \< 0.05^d^Covered sequence (%) means the ratio of the number of amino of the matched peptides to the number of amino acids of the full-length protein^e^Low pH-responsive proteins shared by the two *Citrus* species were highlighted in boldTable 3DAP spots and their identification by MALDI-TOF/TOF-MS in leaves from *C. grandis* seedlings submitted to pH 2.5, pH 3 or pH 6 for 9 monthsSpot No.^a^Protein identityAccession No.Mr (kDa)/pI theor.Mr (kDa)/pI exp.Protein scorePeptide ionsNMP^b^Ratio^c^Covered^d^ sequence (%)ChargepH 2.5pH 3pH 6Antioxidation and detoxification G2Copper/zinc superoxide dismutase 2, chloroplasticCs8g15520.126.00/6.5222.72/6.0534111982.51 ± 0.06a2.42 ± 0.24a1.00 ± 0.17b71 G11Aldehyde dehydrogenase family 2 member B4, mitochondrialCs5g05240.158.91/7.1175.4/5.31409115272.48 ± 0.20a0.33 ± 0.06c1.00 ± 0.08b251 G40Apolipoprotein DCs4g01600.121.52/6.3332.64/6.84264106111.57 ± 0.22a0.62 ± 0.04b1.00 ± 0.10b101 G15Phosphomannomutase 1orange1.1 t00331.128.16/6.1959.09/5.85561122250.48 ± 0.05b1.01 ± 0.02a1.00 ± 0.05a231 G1NADP-dependent alkenal double bond reductase P2Cs5g21010.136.04/6.1682.02/5.3435116180.18 ± 0.04b0.38 ± 0.07b1.00 ± 0.29a161 G3Thioredoxin-like protein CDSP32, chloroplasticCs3g26690.139.02/8.5949.64/6.62472106180.36 ± 0.05c0.66 ± 0.09b1.00 ± 0.08a161 G4Thioredoxin-like protein CDSP32, chloroplasticCs3g26690.139.02/8.5949.46/6.85477106200.22 ± 0.01b0.83 ± 0.15a1.00 ± 0.22a181 G8Ferredoxin-thioredoxin reductase catalytic chain, chloroplasticCs6g20130.116.57/6.2924.68/5.071306170.25 ± 0.05b0.42 ± 0.10b1.00 ± 0.08a61 G23Protein disulfide isomerase-like 1--1Cs3g19790.155.62/4.8483.51/4.9162595310.43 ± 0.06b0.80 ± 0.09ab1.00 ± 0.16a281 G39Annexin A13Cs3g18360.136.10/5.5528.12/6.642282230.18 ± 0.05c0.52 ± 0.04b1.00 ± 0.07a211 G36Nucleoside diphosphate kinase II, chloroplasticCs5g06840.125.53/9.3525.98/6.32467106130.07 ± 0.02b0.25 ± 0.02b1.00 ± 0.15a121 G5Betaine aldehyde dehydrogenase 1, chloroplasticCs5g04880.154.95/5.4024.08/4.24236116120.10 ± 0.05c0.52 ± 0.10b1.00 ± 0.01a111Carbohydrate and energy metabolism G7RuBisCO large subunit-binding protein subunit alpha, chloroplastic; Chaperonin 60 subunit alpha 1Cs8g16040.161.50/5.2346.22/5.121577232.75 ± 0.28a1.58 ± 0.11b1.00 ± 0.06b211 G10RuBisCO large subunit-binding protein subunit alpha, chloroplastic; Chaperonin 60 subunit α 1Cs8g16040.161.50/5.2382.35/5.02783126370.35 ± 0.09b0.99 ± 0.13a1.00 ± 0.09a341 **G12**^e^**Ribulose bisphosphate carboxylase/oxygenase activase 1, chloroplasticCs7g31800.241.38/5.0764.04/5.421997100.14 ± 0.02b0.31 ± 0.05b1.00 ± 0.08a91** **G19Ferredoxin\--NADP reductase, leaf isozyme, chloroplasticCs1g25510.140.48/8.6854.2/6.9228970230.44 ± 0.05b0.53 ± 0.06b1.00 ± 0.12a211** G13Rhodanese-like domain-containing protein 4A, chloroplasticorange1.1 t00475.246.75/5.5969.08/5.26507130240.41 ± 0.06b1.00 ± 0.12a1.00 ± 0.18a221 **G162-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, chloroplasticCs3g01420.132.59/8.2946.72/5.7532195120.34 ± 0.06b0.88 ± 0.13a1.00 ± 0.15a111** G17Probable 6-phosphogluconolactonase 2orange1.1 t02542.135.38/6.2481.27/5.72454133150.34 ± 0.04b2.61 ± 0.45a1.00 ± 0.01b141 G18Dihydroxyacetone kinase 2orange1.1 t02644.161.75/5.7481.59/6.1334295192.30 ± 0.56a1.66 ± 0.14ab1.00 ± 0.04b171 G9Probable fructokinase-1Cs5g22920.135.11/4.9859.41/5.02718137220.49 ± 0.10b0.58 ± 0.05b1.00 ± 0.07a201 **G33DNA-damage-repair/toleration protein DRT102; ribose-5-phosphate isomerase BCs3g11320.133.52/5.2552.44/5.28279104150.27 ± 0.06b0.79 ± 0.05a1.00 ± 0.20a141**Protein and amino acid metabolism G26Peptidyl-prolyl cis-trans isomerase FKBP62Cs7g16620.363.83/5.1987.75/5.4634481210.23 ± 0.02c0.79 ± 0.07b1.00 ± 0.03a191 G21Peptidyl-prolyl cis-trans isomerase CYP38, chloroplasticCs2g28260.148.02/5.0064.55/4.6123180180.20 ± 0.06c0.47 ± 0.04b1.00 ± 0.05a161 G30Ankyrin repeat domain-containing protein 2orange1.1 t02270.164.18/5.2964.12/4.57261110160.16 ± 0.04b0.72 ± 0.09a1.00 ± 0.11a151 G31Ankyrin repeat domain-containing protein 2orange1.1 t02270.164.18/5.2965.14/4.51228120130.30 ± 0.13b1.13 ± 0.16a1.00 ± 0.21a121 G20SKP1-like protein 10Cs3g26510.117.82/4.5633.74/4.5810560110.16 ± 0.02b0.27 ± 0.04b1.00 ± 0.13a101 G29Subtilisin-like protease SDD1Cs1g17350.182.90/5.8649.48/6.95311107120.25 ± 0.06b0.07 ± 0.01b1.00 ± 0.09a111 G2426S protease regulatory subunit 6B homologCs1g08770.146.49/5.4272.36/5.6842587271.24 ± 0.12a0.42 ± 0.05b1.00 ± 0.12a251 G6Proline iminopeptidaseCs8g03250.144.67/5.7060.15/5.58463116233.44 ± 0.42a2.21 ± 0.41b1.00 ± 0.05c211 G25Glutamine synthetase cytosolic isozymeCs9g05680.147.86/6.2965.88/5.5118182160.07 ± 0.02c0.61 ± 0.12b1.00 ± 0.14a151 G34Dihydropyrimidine dehydrogenase \[NADP(+)\]orange1.1 t02649.146.01/6.2966.1/5.7518996160.28 ± 0.04b0.50 ± 0.02b1 ± 0.17a151 G27Argininosuccinate synthase, chloroplasticCs5g07120.154.38/6.5070.63/5.94371112262.36 ± 0.13a0.90 ± 0.14b1.00 ± 0.18b241 G283-isopropylmalate dehydratase large subunit 1Cs5g35290.155.66/6.6876.63/6.2912472153.06 ± 0.05a1.55 ± 0.12b1.00 ± 0.08c141 **G22Unknown protein DS12 from 2D-PAGE of leaf, chloroplastic; ACT domain-containing protein, putative, expressedorange1.1 t04488.326.98/4.9451.32/4.7631889160.41 ± 0.11b1.08 ± 0.26a1.00 ± 0.02a151**Signal transduction G32Plasma membrane-associated cation-binding protein 1Cs2g12010.123.34/5.0351.44/5.2511337120.19 ± 0.04b0.39 ± 0.04b1.00 ± 0.09a111Nucleic acid metabolism G35Adenylosuccinate synthetase 1, chloroplasticorange1.1 t03395.153.23/6.4070.64/6.01568101250.25 ± 0.01b0.42 ± 0.09b1 ± 0.22a231Lipid metabolism G37Lipase/lipooxygenase, PLAT/LH2 family proteinCs1g01370.119.62/4.8022.28/4.2221313470.15 ± 0.03c0.46 ± 0.07b1 ± 0.03a61 G38Lipase/lipooxygenase, PLAT/LH2 family proteinCs1g01370.119.62/4.8044.79/6.622213770.33 ± 0.07b0.48 ± 0.06b1 ± 0.003a61 G14Allene oxide cyclase 1, chloroplasticCs6g18900.127.51/8.6334.12/5.7337183130.19 ± 0.06c0.64 ± 0.03b1.00 ± 0.11a121Cellular transport G41V-type proton ATPase catalytic subunit A isoform 1Cs1g10270.168.68/5.2959.4/6.96635100401.50 ± 0.16a0.65 ± 0.07b1.00 ± 0.08b361Others G42Putative uncharacterized protein Sb01g045410Cs4g06170.126.81/8.9031.73/5.3922882110.13 ± 0.04b0.22 ± 0.03b1.00 ± 0.14a101 **G43Putative uncharacterized protein Sb09g010000Cs8g19010.155.68/7.6680.33/6.05285118200.46 ± 0.05c1.18 ± 0.06a1.00 ± 0.02b181** G44Uncharacterized protein At2g37660, chloroplasticCs6g06590.136.01/9.4345/6.92485136140.19 ± 0.03c0.58 ± 0.07b1.00 ± 0.15a131Unidentified protein spots G45Kinesin-like protein KIF21ACs3g17220.3108.17/6.4725.06/4.4952/280.27 ± 0.07b0.39 ± 0.07b1.00 ± 0.25a251 G46ActinidainCs3g23180.151.42/5.3752.44/4.62555520.35 ± 0.01b0.97 ± 0.25a1.00 ± 0.13a21 G47Peptide methionine sulfoxide reductase B2, chloroplasticCs8g03090.117.59/10.5520.63/5.27512480.10 ± 0.009b0.34 ± 0.14b1.00 ± 0.13a71 G48Putative uncharacterized proteinCs7g03150.115.56/6.2285.49/5.56552970.35 ± 0.06b0.85 ± 0.05a1.00 ± 0.13a61^a^Spot number corresponds to the 2-DE imagines^b^NMP means the number of matched peptides in Fig. [5](#Fig5){ref-type="fig"}^c^Ratio means the ratio of pH 2.5 and pH 3 to pH 6.0; Different letters within a row indicate significant differences at *P* \< 0.05^d^Covered sequence (%) means the ratio of the number of amino of the matched peptides to the number of amino acids of the full-length protein^e^Low pH-responsive proteins shared by the two *Citrus* species were highlighted in boldFig. 6Classification of low pH-responsive proteins (**a**-**d**) and venn diagram analysis of low pH-responsive proteins (**e**-**f**). For **e,** 37 or 43 identified DAPs only presented in the pH 2.5-treated *C. grandis* or *C. sinensis* leaves, respectively, and only six identified DAPs with the same accession number were shared by the two. For **f**, 25 or 9 identified DAPs only presented in the pH 3-treated *C. grandis* or *C. sinensis* leaves, respectively, and only two identified DAPs with the same accession number were shared by the two

qRT-PCR analysis of genes for some low pH-responsive proteins {#Sec13}
-------------------------------------------------------------

To understand the correlation between gene expression levels and 2-DE data, we used qRT-PCR to assay the transcript levels of genes for a total of 26 DAPs from the *C. sinensis* (i.e., S1, S4, S5, S6, S7, S9, S10, S15, S23, S26, S27, S35 and S40) and *C. grandis* (i.e., G2, G5, G6, G13, G14, G15, G16, G19, G21, G36, G37, G40 and G41) leaves. *Actin* and *PRPF31* were selected as the internal standards (Fig. [7](#Fig7){ref-type="fig"}). The transcript levels of all these genes with the exceptions of G5, G14, G19, G37, S23, S35 and S40 matched well with our 2-DE data, regardless of which gene was used as the internal standard (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). In addition, there was a positive linear correlation between qRT-PCR results and 2-DE data, regardless of *actin* or *PRPF31* was used as the internal standard (Fig. [7e](#Fig7){ref-type="fig"}-[f](#Fig7){ref-type="fig"}). Thus, it is reasonable to assume that these DAPs were mainly regulated in the transcriptional level.Fig. 7qRT-PCR analysis of 26 low-pH responsive protein genes. Relative expression levels of genes encoding 26 low-pH responsive proteins identified in *C. grandis* (**a-b**) and *C. sinensis* (**c-d**) leaves using *actin* (**a**, **c**) and *PRPF31* (**b**, **d**) as internal standards, and the correlation analysis of qRT-PCR results and 2-DE data (**e-f**). For **a-d**, bars represent means ± SE (*n* = 3). For the same genes, different letters above the bars indicate a significant difference at *P* \< 0.05. For **e** and **f**, 2-DE data from Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}

Discussion {#Sec14}
==========

*Citrus sinensis* and *C. grandis* were tolerant to low pH {#Sec15}
----------------------------------------------------------

Our results clearly showed that only pH 2.5 led to significant decreases in leaf CO~2~ assimilation and stomatal conductance (Fig. [1a](#Fig1){ref-type="fig"}-[b](#Fig1){ref-type="fig"}), ASC + DHA and ASC concentrations, and ASC/(ASC + DHA) ratio (Fig. [3a](#Fig3){ref-type="fig"}, [b](#Fig3){ref-type="fig"} and [d](#Fig3){ref-type="fig"}), and significant increases in leaf levels of nonstructural carbohydrates (Fig. [2](#Fig2){ref-type="fig"}). Based on these results, we concluded that *C. sinensis and C. grandis* seedlings were tolerant to low pH. Similar results have been obtained in grafted *Citrus unshiu* plants \[[@CR27]\] and *C. sinensis* and *C. grandis seedlings* (seedlings should be normal type) \[[@CR8]\]. Thus, *Citrus* are ideal materials for studying low pH-tolerance of higher plants.

We found that the pH 2.5-induced decreases of both ASC + DHA and ASC concentrations and ASC/(ASC + DHA) ratio (Fig. [3a](#Fig3){ref-type="fig"}, [b](#Fig3){ref-type="fig"} and [d](#Fig3){ref-type="fig"}), and increases of MDA (Fig. [4](#Fig4){ref-type="fig"}), sucrose, starch and TNC concentrations (Fig. [2c](#Fig2){ref-type="fig"}, [e](#Fig2){ref-type="fig"} and [f](#Fig2){ref-type="fig"}) were greater in the *C. grandis* leaves than those in the *C. sinensis* leaves. This agrees with our previous finding that *C. sinensis* seedlings were slightly tolerant to low pH than *C. grandis* ones \[[@CR8]\]. We identified slightly more pH 2.5-responsive proteins in the *C. sinensis* leaves (49) than those in the *C. grandis* leaves (43), but much more pH 3-responsive proteins in the *C. grandis* leaves (27) than those in the *C. sinensis* leaves (11) (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6](#Fig6){ref-type="fig"}). The observed fewer pH 3-responsive proteins in the *C. sinensis* leaves could be explained by the slightly higher low pH-tolerance.

As shown in Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [5](#Fig5){ref-type="fig"}, we identified more pH 2.5-responsive proteins than pH 3-responsive proteins in the *C. sinensis* and *C. grandis* leaves. This agrees with our results that only pH 2.5 significantly affected leaf gas exchange, ratio of ASC/(ASC + DHA), and levels of ASC + DHA, ASC, nonstructural carbohydrates and MDA (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}), and the previous report that most of the physiological and biochemical indexes were altered only at pH 2.5, but almost unaltered at pH 3 or more \[[@CR8]\]. Here, we focused mainly on the effects of pH 2.5 on *Citrus* leaf protein profiles in this paper.

Low pH-responsive proteins related to carbohydrate and energy metabolism {#Sec16}
------------------------------------------------------------------------

As shown in Figs. [1a](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, pH 2.5 significantly inhibited leaf photosynthesis and increased leaf accumulation of nonstructural carbohydrates. Thus, the abundances of proteins involved in carbohydrate and energy metabolism might be altered at pH 2.5. As expected, we identified four DAPs increased in abundance and 16 DAPs decreased in abundance, and two DAPs increased in abundance and eight DAPs decreased in abundance in the pH 2.5-treated *C. sinensis* and *C. grandis* leaves, respectively. Also, we obtained five DAPs increased in abundance from the pH 3-treated *C. sinensis* leaves, and one DAP increased in abundance and three DAPs decreased in abundance from the *C. grandis* leaves (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6a](#Fig6){ref-type="fig"}-[d](#Fig6){ref-type="fig"}). Evidently, low pH-responsive proteins related to carbohydrate and energy metabolism greatly differed between the two *Citrus* species.

In higher plants, Chl a/b-binding protein (CAB) binds to Chl and forms light harvesting complex (LHC), which functions as a light receptor. Lhca proteins are associated with the photosystem I (PSI) light-harvesting complexes (LHCI) and the Lhcb proteins are associated with the LHCII. Damkjær et al. observed that the maximum photosystem II (PSII) efficiency of dark-adapted leaves (F~v~/F~m~) dropped more in the *A. thaliana* T-DNA knockout plants lacking Lhcb3 (koLhcb3) than that in the wild type, indicating the involvement of Lhcb3 in photoacclimation \[[@CR42]\]. We found that the abundance of Chl a-b binding protein 215 (Lhcb3, S14) was increased in the pH 2.5-treated *C. sinensis* leaves, but not in the pH 2.5-treated *C. grandis* leaves (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). This agrees with our report that the decreases of both F~v~/F~m~ and the electron transport rate (ETR) through PSII in response to pH 2.5 was slightly lower in the *C. sinensis* leaves than that in the *C. grandis* leaves \[[@CR8]\]. Similarly, the abundances of oxygen-evolving enhancer protein 1--1 (PSBO2, S16 and 19) were enhanced only in the pH 2.5-treated *C. sinensis* leaves (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). Previous studies showed that PSBO2 was necessary for the stability of Mn cluster, the primary site of water splitting \[[@CR43]\], and played a role in D1 dephosphorylation and turnover \[[@CR44]\]. The increased abundances of PSBO2 might contribute to the stability of oxygen evolving complexes (OEC), as indicated by the less pronounced ΔK-band (a specific indicator of OEC) \[[@CR45]\] in the pH 2.5-treated *C. sinensis* leaves than that in the pH 2.5-treated *C. grandis* leaves \[[@CR8]\]. However, the abundance of Chl a-b binding protein 4 (S20, Lhca3) was decreased in the pH 2.5-treated *C. sinensis* leaves (Table [2](#Tab2){ref-type="table"}).

The abundances of Rubisco activase 1 (S18 and S21) catalyzed the activation of Rubisco and of Rubisco subunit binding-protein β-2 subunit (60 kDa chaperonin 1, S22) involved in protein folding and stabilization were decreased in the pH 2.5-treated *C. sinensis* leaves (Table [2](#Tab2){ref-type="table"}). Transgenic plants showed that the activation of Rubisco by Rubisco activase is necessary for CO~2~ assimilation at atmospheric CO~2~ concentrations \[[@CR46]--[@CR48]\]. Suzuki et al. observed that moderate decrease of plastid chaperonin Cpn60 level led to impaired plastid division and reduced Chl level, suggesting that plastid chaperonins Cpn60α and Cpn60β were necessary for plastid division in *A. thaliana* \[[@CR49]\]. The observed decreases in the abundances of Rubisco activase 1 (S18 and 21) and chaperonin 60 subunit beta 1 (S21) agrees with our report that pH 2.5 decreased Rubisco activity, photosynthesis, and Chl a and Chl b levels in the *C. sinensis* leaves \[[@CR8]\]. Similarly, Rubisco activase 1 (G12) and chaperonin 60 subunit α 1 (G10) abundances (Table [3](#Tab3){ref-type="table"}), Rubisco activity, photosynthesis, and Chl a and Chl levels \[[@CR8]\] were decreased in the pH 2.5-treated *C. grandis* leaves.

The abundances of ferredoxin-NADP reductase, leaf isozyme, chloroplastic (FNR2; S35 and S37) in the *C. sinensis* leaves (Table [2](#Tab2){ref-type="table"}), and the abundances of FNR2 (G19) and Rhodanese-like domain-containing protein 4A, chloroplastic (TROL; G13) in the *C. grandis* leaves (Table [3](#Tab3){ref-type="table"}) were decreased at pH 2.5. FNR mediates the final step of line electron flow by transferring electron from reduced ferredoxin and NADP^+^, providing NADPH for a number of reactions, including carbon fixation, Chl biosynthesis and stromal redox regulation. In *A. thaliana*, FNR exists as two isoforms: AtLFNR1 and AtLFNR2. The *Arabidopsis fnr2* RNAi mutants had lower levels of Chl and photosynthetic thylakoid proteins, decreased rate of carbon fixation than the wild type (WT) plants \[[@CR50]\]. TROL is necessary for the maintenance of efficient linear electron flow via mediating the binding of FNR to the thylakoids. The TROL-deficient *Arabidopsis* plants had decreased ETR at high-light intensities accompanied with increased non-photochemical quenching (NPQ) \[[@CR51]\]. The decreased abundance of TROL in the pH 2.5-treated *C. grandis* leaves agrees with the report that pH 2.5 led to decreased ETR, and increased NPQ in the *C. grandis* leaves \[[@CR8]\]. In addition, the abundances of phosphoglycerate kinase 1 (PGK1) (S27 and S29) involved in Calvin cycle and 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (MECT) (S23 and G16) involved in chloroplast development \[[@CR52]\] were decreased in the pH 2.5-treated *C. sinensis* and *C. grandis* leaves (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). Based on these results, we concluded that pH 2.5 decreased the abundances of proteins related to Rubisco activation, Calvin cycle, carbon fixation, chloroplast development, Chl biosynthesis and electron transport, thus lowering Chl level, ETR and photosynthesis. Here, we first found that pH 2.5 increased the accumulation of nonstructural carbohydrates in the *C. grandis* and *C. sinensis* leaves despite decreased CO~2~ assimilation due to the prevented sink growth caused by blocked export with the exception that pH did not significantly alter sucrose level in the *C. sinensis* leaves (Figs. [1a](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}). High levels of soluble sugars, particularly hexoses, can inhibit the expression of photosynthetic genes, especially of the nuclear-encoded small subunit of Rubisco, thus lowering Rubisco level and photosynthesis \[[@CR53]\]. The pH 2.5-induced increases of glucose and fructose levels were greater in the *C. sinensis* leaves than those in the *C. grandis* leaves, and sucrose level only increased in the pH 2.5-treated *C. grandis* leaves (Fig. [2a-c](#Fig2){ref-type="fig"}), while both CO~2~ assimilation and Rubisco activity were similar between the pH 2.5-treated *C. grandis* and *C. sinensis* leaves \[[@CR8]\]. Thus, the pH 2.5-induced decreases of leaf Rubisco activity and CO~2~ assimilation could not explained alone by the pH 2.5-induced accumulation of soluble sugars. Interestingly, the pH 2.5-induced accumulation of starch was higher in the *C. grandis* leaves than that in the *C. sinensis* leaves (Fig. [2e](#Fig2){ref-type="fig"}). Excessive accumulation of starch can damage chloroplastic structure, thus resulting in lower CO~2~ assimilation and Chl level \[[@CR54]\]. This agrees with the report that the pH 2.5-induced decreases of Chl a and Chl b levels were greater in the *C. grandis* leaves than those in the *C. sinensis* leaves, and that mottled bleached leaves occurred only in some pH 2.5-treated *C. grandis* leaves \[[@CR8]\].

We found that the abundances of proteins related to tricarboxylic acid cycle (S24 and S32), glycolysis (S28) and ATP biosynthesis (S26, S30 and S36) were decreased in the pH 2.5-treated *C. sinensis* leaves (Table [2](#Tab2){ref-type="table"}), suggesting that ATP production might be reduced in these leaves, thus resulting in a decrease in energy (ATP) level. In addition to producing ATP from ADP via utilizing proton gradient formed by photosynthetic electron transport, chloroplastic ATP synthase can catalyze ATP hydrolysis, when the transmembrane electrochemical potential gradient is small \[[@CR55]\]. Thus, the observed lower abundance of chloroplastic ATP synthase might be of advantage to the maintenance of ATP homeostasis.

Low pH-responsive proteins related to antioxidation and detoxification {#Sec17}
----------------------------------------------------------------------

Under high light, the amount of excess absorbed light energy was greater in the low pH-treated *Citrus* leaves, because these leaves used only less of the absorbed light energy in electron transport due to decreased ETR and CO~2~ assimilation \[[@CR8]\]. Excess absorbed light energy can potentially trigger ROS generation. Indeed, the production of ROS (H~2~O~2~) was elevated in the low pH-treated *C. sinensis* and *C. grandis* leaves, especially in the latter \[[@CR8]\]. To scavenge the increased production of ROS, the abundances of some proteins related to the scavenging of ROS might be increased in these leaves. Here, the abundances of four protein spots \[i..e., L-ascorbate peroxidase (APX) 1, cytosolic (S6), L-ascorbate peroxidase 3, peroxisomal (S4), probable aldo-keto reductase 1 (AKR1, S5) and isoflavone reductase-like protein (IRL, S8), and of three protein spots \[i.e., copper/zinc superoxide dismutase (Cu/Zn SOD) 2, chloroplastic (G2), aldehyde dehydrogenase family 2 member B4, mitochondrial (G11) and apolipoprotein D (G40)\] involved in antioxidation and detoxification were increased in the pH 2.5-treated *C. sinensis* and *C. grandis* leaves, respectively (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). However, MDA concentration (Fig. [4](#Fig4){ref-type="fig"}) and electrolyte leakage \[[@CR8]\] were elevated in the pH 2.5-treated *C. grandis* and *C. sinensis* leaves, especially in the former. Obviously, the antioxidant and detoxification system as a whole did not provide considerable protection to the pH 2.5-treated *C. grandis* and *C. sinensis* leaves against oxidative damage, which was greater in the former. This is also supported by our data that the pH 2.5-induced decrease of ASC/(ASC + DHA) ratio was greater in the *C. grandis* leaves than that in the *C. sinensis* leaves (Fig. [3d](#Fig3){ref-type="fig"}), because the ratio of ASC/(ASC + DHA) decreases in higher plants when exposed to oxidative stress \[[@CR56]--[@CR58]\]. The greater oxidative damage in the *C. grandis* leaves than that in the *C. sinensis* leaves might be related to the findings that the pH 2.5-induced production of H~2~O~2~ was greater in the *C. grandis* leaves than that in the *C. sinensis* leaves \[[@CR8]\], that the abundances of more protein species involved in antioxidation and detoxification were decreased by pH 2.5 in the *C. grandis* (G15, G1, G3, G4, G8, G23, G39, G36 and G5) leaves than those in the *C. sinensis* leaves (S1, S9 and S10) (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}), and that ASC level was lower in the pH 2.5-treated *C. grandis* leaves than that in the pH 2.5-treated *C. sinensis* leaves (Fig. [4b](#Fig4){ref-type="fig"}). As shown in Table [3](#Tab3){ref-type="table"}, the abundance of phosphomannomutase (PMM) 1, which plays a crucial role in ASC biosynthesis in plants, was decreased in the pH 2.5-treated *C. grandis* leaves. Studies showed that ASC level in *Nicotiana benthamiana* and *Arabidopsis* leaves were decreased or increased by suppressing or overexpressing *PMM*, respectively \[[@CR59], [@CR60]\]. Thus, ASC biosynthesis might be impaired in the pH 2.5-treated *C. grandis* leaves. This is supported by our data that DHA + ASC and ASC levels were substantially decreased in the pH 2.5-treated *C. grandis* and *C. sinensis* leaves, especially in the former (Fig. [3a](#Fig3){ref-type="fig"}, [b](#Fig3){ref-type="fig"}).

Low pH-responsive proteins related to protein and amino acid metabolism {#Sec18}
-----------------------------------------------------------------------

As shown in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, we identified one DAP increased in abundance (S40) and one DAP decreased in abundance (S43) involved in protein folding and stability, and two DAPs decreased in abundance (S41and S44) involved in proteolytic degradation in the pH 2.5-treated *C. sinensis* leaves; and five DAPs decreased in abundance involved in protein folding and stability (G23, G26 and G21) and mainly in mediating protein-protein interactions (G30 and G31), and two DAPs decreased in abundance (G20 and G29) and two DAPs increased in abundance (G24 and G6) involved in proteolytic degradation in the pH 2.5-treated *C. grandis* leaves. Evidently, pH 2.5 affected protein metabolism more in the *C. grandis* leaves than that in the *C. sinensis* leaves. This is also support by our report that the pH 2.5-induced decrease of total soluble protein level was greater in the *C. grandis* leaves than that in the *C. sinensis* leaves \[[@CR8]\]. Similarly, amino acid metabolism was more affected by pH 2.5 in the *C. grandis* leaves than that in the *C. sinensis* leaves, as indicated by more pH 2.5-responsive proteins isolated from the *C. grandis* leaves (G25, G27, G28, G34 and G22) than those from the *C. sinensis* leaves (S50 and S51; Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} and Fig. [6a](#Fig6){ref-type="fig"}-[b](#Fig6){ref-type="fig"}).

Low pH-responsive proteins related to cellular transport {#Sec19}
--------------------------------------------------------

Chloroplastic ferritin-1 (FER1) plays an important role in Fe homeostasis because of its ability to store large amounts of free Fe in a non-toxic form. *FER1* and *FER2*, two nuclear genes of *Clamydomonas reinhardtii* were upregulated when its cells were shifted to Fe-deficient conditions \[[@CR61]\]. The increased abundance of FER1 (S15) in the pH 2.5-treated *C. sinensis* leaves (Table [2](#Tab2){ref-type="table"}) might contribute to the Fe homeostasis. This is also supported by our result that pH 2.5 decreased Fe level in the *C. grandis* leaves, but not in the *C. sinensis* leaves \[[@CR8]\]. The increased abundance of FER1 in the pH 2.5-treated *C. sinensis* leaves also agrees with the reports that *AtFER1* was induced in P-deficient *Arabidopsis* roots and leaves \[[@CR62]\], because P level was decreased in the pH 2.5-treated *C. sinensis* leaves \[[@CR8]\]. We found that the abundance of V-type proton ATPase (V-ATPase) catalytic subunit A isoform 1 (G41) was increased in the pH 2.5-treated *C. grandis* leaves (Table [2](#Tab2){ref-type="table"}) accompanied by greatly decreased N, P, Ca and Mg levels and slightly decreased K level \[[@CR8]\], as found in the P-deficient *C. grandis* and *C. sinensis* roots \[[@CR63]\]. Transport across the tonoplast is energized by two proton pumps, the V-ATPase and the vacuolar H^+^-pyrophosphatase. Evidence shows that V-ATPase is a key regulator of intracellular ion homeostasis \[[@CR64]--[@CR66]\]. Therefore, the pH 2.5-induced increases of FER1 and V-ATPase abundances might contribute to the tolerance of *Citrus* plants to H^+^-toxicity.

Low pH-responsive proteins related to signal transduction and jasmonic acid biosynthesis {#Sec20}
----------------------------------------------------------------------------------------

As shown in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, the abundances of 14--3-3-like protein GF14 kappa (GRF8; S38) and plasma membrane-associated cation-binding protein 1 PCAP1 (G32) involved in signal transduction were increased and decreased in the pH 2.5-treated *C. sinensis* and *C. grandis* leaves. Similarly, we found one DAP increased in abundance and three DAPs decreased in abundance involved in jasmonic acid (JA) biosynthesis in the pH 2.5-treated *C. sinensis* (S2) and *C. grandis* (G37, G38 and G14) leaves, respectively (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}). Thus, the pH 2.5-induced alterations of signal transduction and JA biosynthesis might differ between *C. sinensis* and *C. grandis* leaves.

Conclusions {#Sec21}
===========

Our results demonstrated that *C. sinensis* and *C. grandis* were tolerant to low pH, with a slightly higher low pH-tolerance in the former. We first used 2-DE to investigate low pH-responsive proteins in *Citrus* leaves and identified 49 and 44 DAP spots in the pH 2.5- and/or pH 3-treated *C. sinensis* and *C. grandis* leaves, respectively. These DAPs are mainly involved in carbohydrate and energy metabolism, antioxidation and detoxification, stress response, protein and amino acid metabolisms, lipid metabolism, cellular transport, signal transduction and nucleic acid metabolism. Further analysis showed that pH 2.5 decreased the abundances of proteins related to Rubisco activation, Calvin cycle, carbon fixation, chloroplast development, Chl biosynthesis and electron transport, hence lowering Chl level, ETR and photosynthesis. The higher oxidative damage in the pH 2.5-treated *C. grandis* leaves might be due to a combination of factors including higher production of ROS, more proteins decreased in abundance involved in antioxidation and detoxification, and lower level of ASC. Protein and amino acid metabolisms were less affected in the pH 2.5-treated *C. sinensis* leaves than those in the pH 2.5-treated *C. grandis* leaves. The abundances of proteins related to JA biosynthesis and signal transduction were increased and decreased in pH 2.5-treated *C. sinensis* and *C. grandis* leaves, respectively. However, the abundances of cellular transport-related proteins: FER1 in the *C. sinensis* leaves and of V-ATPase in the *C. grandis* leaves, were enhanced at pH 2.5. Our investigation of low pH-responsive proteins and related physiological responses in *Citrus* leaves will increase our understanding of the mechanisms on low pH-toxicity and -tolerance in higher plants.
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